HBPOUT tow uii;iiuw UJ? A i>Ui:SLAli: 
wacToviiiii'uaiih aitjiirt tow ai^u KXtaNyioi, 
tiWUiWE IciSaiNU tiaai fitijJOit 
(loqKiitttiU flotiaiicio rtuU spdfcii to.) Ij'j p 


LMSC-HReC TR 0061414 


we4-ji<i7j 


PRELIMINARY ENGINEERING REPORT 
FOR DESIGN OP A SUBSCALE 
EJECTOR/DIFFUSER SYSTEM FOR 
HIGH EXPANSION RATIO 
SPACE ENGINE TESTING 


April 1084 

FMAL REPORT, CONTRACT NA88-38051 


ProparGd for 

mwmautics and space administration 

MARSNAll SPACE E1I6HT CENTER, A1 35812 


C. J. Wojolsohowskt 
8. C. Kurzlus 
M. P. Doktor 

'^loeumaa 

11. * Osvsiopment Division 

HuntsvIHs Rtstsroh A Ensinstrlno Csntsr 


4S00 BraSforS Orlvs, Huntsvlllt, AL S8S07 




LMSC-HREC TR D9514U 


FOREWORD 

Ttilfl prelimlnflry engineering report ie for the design of a subscale Jet 
engine driven ejector/dif fuser syatent for installation at MSFC*s Cold How 
Calibration Facility, Building '*554. The work was performed by personnel of 
the Lockheed-Huntsville Research & Engineering Center under the direction of 
C.J. Wojciechowski, Project Engineer. The effort was conducted for NASA- 
Marshall Space Flight Center under Contract NA88-35051 .Inc luded herein are 
cinalytical results and preliminary design drawings and plans. This document 
is the final report required under this contract. The NASA-MSFC Contracting 
Officer's Representative for this study was Mr. K.E. Riggs, EP23. 
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NOMENCLATURE 


A 

GNj 

L 

M 

« * 
m, w 

NBP 

R 

RH 

r 

T 

U 

«BL 


Greek 


area 

sonic or throat area 
gaseous nitrogen 
length 
Mach number 
flow rate 

normal boiling point 

pressure 

radius 

relative humidity 

ejector mass flow to pumped mass flow ratio 

temperature 

velocity 

J-57 air bleed flow rate 


T 

Subscripts 

c 

I) 

c,.ex 

J 

m 

S 

T 


time 


cell or chamber 
detonation conditions 
ejector mixing tube exit 
pertalna to ejector 
mixing tube 
static conditions 
total conditions 
downs tr earn of a normal shock 
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1. INTRODUCTION 

The National Aerunautlca and Space Adinlnlatrutlon lon^ range plami in- 
dicate the need for a liigh expansion ratio, high performance upper stage 
engine. An altitude simulation test facility will be needed, first to 
develop the technology fur such an engine, and second to provide the devel'- 
opment testing for the engine. State-of-the-art steam driven ejector sys- 
tems are projected to be extremely costly, and as a result NASA has been 
exploring other less costly means of providlitg altitude simulation cap- 
ability. One of the more promising concepts uses the exhaust of conven- 
tional jet engines to provide the working fluid for driving the ejectors. 

In a recent study conducted by Lockheed (Contract NAS8-33981) such a system 
was found to be analytically feasible. tlSFC Intends to experimentally 
demonstrate the concept through the design, fabrication and test of a 
subscale pilot model. 

This document is the final report under this contract. During the 
course of the design study, several oral presentations were presented to 
NASA-MSFC at the COR*s request. Documentation from these presentations are 
considered as part of the overall study documentation. Presentations that 
were given are listed i 'W. 


LIST OF ORAL PRESENTATIONS 


Date 

Title 

Documentation 

8 Apr 1983 

Program Plan 

LMSC-HREC PR D8672U8 

23 Jun 1983 

30 Percent Design Review 

2A Aug 1983 

60 Percent Design Review 

LMSC-HREC PR D867272 

23 Feb 1984 

Program Plan for Amended Scope 
of Work and Review to Date 

LMSC-HREC PR D951319 

13 Apr 1984 

Full Scale Gasdynamlc Safety 
Analysis 

Appendix A (This Report) 
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2 , OBJECTIVES AND REQUIREMENTS 

This subscalti design effort was initiated on 2 April 1983. In the 
process of dcvtiloplng the subscale design, significant safety (juestlons 
arose regarding the performance of a full scale system during an actual hot 
firing of a apace engine, especially hydrogen detonation hazards and how 
they may be controlled. An added scope of work to this contract was Issued 
by MSFC on 11 January 1984 to study the full scale safety issues. The 
original and added scope of work objectives are listed below: 


• Original Objectives 


1. Design a subscale working model for future full scale testing 
of OTV engines in a simulated space environment. 

2. Verify that the analyses, design, and performance prediction 
techniques previously developed are valid and applicable to 
this concept. 

3. Identify for further consideration areas where tlie analyses 
and design techniques may not be complete and fully developed 
and must be supplemented with test data to be obtained in this 
facility . 

4. Provide final design drawings for a prototype system. 

• Ammended Scope of Work Objectives, 

5. Perform a full scale system safety analysis and determine the 
mechanisms to suppress detonation by design or operational 
procedure. 

6. Develop full scale configuration detail to support the above 
objective and determine the design drivers for adjustable 
ejectors, 

7. Provide the design data necessary to make modifications to the 
subscale system for adequate simulation of the full scale 
safety issues and performance, 
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8. Dattirmlne the eenHitivity of the deelgn to ongiue phyetoAl and 
performance characterlstlca. 

• Secondary Objectives 

Those objectives are considerations only, and the prototype design will 
not be compromised because of them: 

1. Use as a tost facility for OTV thruster engines with 0.5 to 1,0 
Ibm/sec flow rate. 

2, Provide compatibility with Hot Gas II Facility. 

• Requirements 

The subscale, pilot model gas driven ejector will be designed to the 
following requirements: 

A. Test coll pressure: 0,02 psla 

B. Thruster flow rate: O.SU Ibm/sec of gaseous hydrogen 

C. Thruster area ratio: 630:1 

D. Initial inerting with gaseous nitrogen 

E. Capable of being installed at and operating from MSFC's Cold Flow 
Calibration Facility using a J-57 turbojet engine bleed air and 
exhaust as the ejector driving medium 

F. Provision for adequate simulation of the full scale facility hazard 
control mechanism. 

Requirement E above was changed after contract award to use the J-57 
turbojet engine exhaust instead of the MSFC Hot Gas Facility hot air exhaust 
to drive the ejector system, Deta,.ied design of the J-57 engine controls, 
rucl tanks and exhaust ducting was beyond the scope of this contract. Suf- 
ficient design of the J-57 exhaust ducting to tlic ejector system was per- 
formed however, to enable a systems compatibility analysis to be performed. 
The last requirement (F) was added because of the amended Scope of Work. 
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3. ENGINEKRING ANALYSIS AND DESIGN 

Ii\ ilu» cmirHo of porformloa cIiIh coak apecial otteiulon w«h alvun lo 
(It'llntna Uam'H aiul eoiuH'riiH ah ejector perl orinanco , Bul'oty Ibhuoh huoIi 
a« liydrogon detonation liussarUa, ejector atubiiity and controllability, 
ejector cooling requirements, and transient operation. The main analytical 
computer programa which were uaed In tills study are listed In Refs, 1 
through 3, The scml-emplrlcal one~dlmenslonal dlffuaer/cjector design pro- 
gram developed In the Ref, 1 study, was modified In this study to accomino*" 
date temperature dependent ratios of specific heats (gamma). 

The final subscale cjector/dlf fuser design as presented herein was 
driven by the safety analysis results and ejector performance requirements. 
The mass flows to each ejector stage wore dictated by the safety analysis 
results when the facility la pumping hydrogen (H 2 ) gas. The main safety 
criterion arrived at, at the 30 percent design review (Ref. 4 ), was to de~ 
sign the facility to suppress H 2 de'-^^nation hazard potentials. The pro- 
posed engineering approach was to; 


1. Force the mixture ratio to be out-of-hazard range. 

• First Stage: Operate rich. 

• Second Stage: Operate lean, 

• Thlrc, Stage: Dilute second stage effluent 

to flammability limit, 

2. Suppress Ignition in first and second stage mixing ducts by 
operating at low static temperatures and pressures in the 
presence of condensation fine particulate matter (snow from 
ambient moisture). 

• First Stage: (Tg < 200 K, Tt < 700 K, Pt, 2 < 1.1 psla) 

e Second Stage: (Tg < 300 K; Tt < 700 K, Ft, 2 Pala) 
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• Third Stage* Rarely flannable after mixing, non-detonatahle 
hut flammable prior to mixing < 660 K, 

T-r < 750 K, < 22,6 paia) 


One of the ohjectlvea wa« to obtain eubacale ejeetor performance data 
to enable design of « full scale system. Ejector systems aro normally point 
designs, l.e., the blank-off oopablUty and the pumping capability are de- 
fined. However, since this was to bg a test bed to obtain data for future 
‘loaign, the ejectors had to be designed for variable area ratio to cover the 
range of anticipated full scale applications. The main reasons for develop- 
ing and testing variable area ratio ejectors in the subscale design are: 


1. Proof-of-concept data can be obtained from a working model. 

^ deslgn^^^* **^**** obtained applicable to full acale 


3. The full scale ejector/dlffuser must accommodate a family of 
space engines and modes of operation. Each engine will re- 
quire the ejector system to operate at different ejector 
driving pressures and flow rates depending on safety con- 
siderations and ejector performance. 

operation is sensitive to exhaust exit area. 
Consultation with Pratt & Whitney indicated that this should 
not be a problem for the Jet engine application in this case 
If the exhaust area can be adjusted to the particular Jet 

that Jet engines, although manu- 
actured to the same specifications, have Individual char- 
acteristics - especially after several years usage - and 
therefore must be treated separately. Since the Jet engines 
P*^°totype, and eventually In the full scale 
surplus engines, they will not be 
Identical In performance. Designing the second and third 
stage ejector throat areas to be variable will enable fine 

proiofvni addition, the 

ejector system will not be dependent on a 
single Jet engine. Engine interchangeability is a design 
feature since thr; Jet engines are surplus Air Force engines. 

kiSm contracta) la not 

nown a priori due to the compound curvature of the upper 
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Inw. r lliro/u Murim-MH, dPHt«ni»n .»U Uirpg P>rtor 

|„. varl.ihU. wui (.h-IMkiu- fahrl..M«n mul 
Iv Ml ,|,M MUrh.rn m Mu* pmivi an-.-) mi r..nipmm.| wlHi 
vuy iUw toJ^.rmuu' miulr.,ul f,.r n fixH aivn nil l.» olivior. 

Tho adilwd coropUcfltloii . of Uif forontirtl thermai arowtli betwtii..n 
ho up,u,r and lower ojoctor throat aurfacoa iJlSninfi a^a- 
tlon u HtH can be adjuatod dynamic’, ally durloH the^test^'iialna 
roal time monltorlnH of the ejoetor flow ratSa. Thl?d HuuS 

*'*‘u** ‘^'"*‘'8*^** tho testa can be deioctod 

pressure compressor n.tor apee.l fall- 
ina off thu Jet enatne calibration curve. 


'1.1 SUBSCALE hlKFLJSna DESIGN 


The flubseale Jot en«ino driven diffuser ejector system at < ho 90 per- 
cent point is shown in Fig. 1. The design of the subscale Jet engine drive 
ejector/dlf fuser system as presented herein meets all of the requirements 
presented previously. The features of the subacale design ateJ 

* iuJr»rs!o2"p8u“ p"“- 

. lllBh i,r«s.„r. co„pr.8»ot bl«.d air to be utUl.od to drive tlio 
first stage ejector 

parameters: - 150 paia: 

f-f = 1137 R; WgL ■ 8.64 Ibm/sec 

Military rated power bleed parameters (30 minutes): P-, . 

162 psia; T-f - 1102 R; Wgi, - 1.65 ibm/sec ^ 

exhaust parameters: P™ - 33 paia; 

Tf ■ 1405 R{ w *■ 157 Ibm/sec 

Military rated power exhaust parameters (30 minutes): p* 

- 36 psia, Tt . 1500 Rj l} . 165 Ibm/sec 

• Ejector design to be scale-up of previously tested design. 
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»t Pufll 
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Tlie J-57 turhojfit normal rated power level will be uaed. The deatgn 
fi'otnruH an altlcnde teat chamber and a 630il area ratio nojialc, To 
eliminate unneceasary noMplexltlea In the aubacale model, the II2 will not 
he Ignited, The H2 chamber preaaure will be 1200 pala. The H2 no*«le 
Up preaaure will be 0,02 pala. The total preaaure of the H2 + N2 bleed 
atream entering the flrat atage ejector will be 3,0 pala, based on the dU~ 
fuaer normal ahock recovery preaaure. 

Tl»o dealgn Incorporates the rapid turbojet exhauat/GN2 switchover de- 
sign which was developed for the subscale as u result of the full scale 
safety analysis for a full scale abort condition. The rapid switchover de- 
sli*n has been incorporated into the second stage ejector for checkout and 
verification, The design includes a quick acting (100 msec) Electro- 
Hechanlcai Control Valve (EMCV) in the Jet exhaust vent line, a Diglcell 
Pressure and Flow Control Valve (PFCV) in the GN2 line and a full ported 
awing check valve (CV) in the ejector line downstream of the vent lino 
EMCV, The CV will close rapidly (less than 50 msec) on a negative pressure 
differential of 0,5 pel. The GN2 operates at 40 psla and the exhaust 
op'^rates at 33 psla so that the negative differential will be much greater 
than 0.5 pel. The same electrical signal would operate both the PFVC and 
the EMCV, The altitude cell and the first and third stage ejectors are 
fitted with small GN2 inerting purge lines to completely purge out all 
cavities where H2 could accumulate prior to and after the H2 tests. 

The first stage ejector dealgn summary is presented in Fig. 2. The 
ejector throat area is designed to be variable and can be completely closed 
off. The ejector area ratio A^/A* can be varied from 22 to Infinity. 

The design blank off auction pressure and pumping capacity is shown in Fig, 
2 along with the characteristic dimensions. The variation of the minimum 
cell pressure to exit pressure ratio as a function of ejector area ratio is 
shown in Fig. 3, Shown In Fip, 3 are Lockheed's analytical results for no 
second throat and for a second throat compared to experimental data. The 
first stage ejector is a scale up of the ejector 2 design from Ref. 5. The 
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Fig. 2 First Stage Ejector Design Summary 
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Fig. 3 Variation of Minimum Pressure to Which Ejector will Pump 

(Ak a function of latio of mixing“tube cross-sectional area 
to ejector-throat area. No flow being pumped (from NASA 
TN D-23)) 
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ojfu’.tor 2 design of Ref. 5 was not a second tliroat ejector design. The 
first stage ejector performance ns a function of ejector total pressure Is 
sliown In Fig. 4, The ejector Is designed for nominal total pressure of 0.J4 
psla, at which point the cell pressure will be 0,012 psia without condensa- 
tion effects, i\ddltlonnl first stage performance data as a function of area 
ratio Is presented In Fig, 3, again without condensation effects, Tlic ef- 
fects of condensation due to ambient temperature and relative humidii.y are: 


• The primary effect is to rdd moisture to the ejector driver 
streams. This moisture condenses in a shock-free condensation 
front (Wegener and Pouring, Physics of Fluids , Vol, 7, pp, 
352-361, 1967), increasing pressure and temperature by release 
of latent heat to the gas phase In the first and second stages. 

• The equilibrium condensed phase is solid (snow), with particle 
sizes on the order of several hundred Angstroms - a good size 
fur efficient flame suppression, 

• Total stream moisture consists of driver engine combustion 
product and ambient contributions. At low temperatures and 
Immldlty, combustion moisture dominates. Under hot, humid 
ambient conditions air moisture dominates, but does not over- 
whelm combustion moisture (ratio is approximately 2,3:1 at 100 
F, 100% RH corresponding to effluent moisture mole fractions 
of 0.0876 and 0.0253 (dry air); at design condition (70 F, 50% 
Kli) ratio is approximately 0.5:1, corresponding to an effluent 
moisture mole fraction of 0,0373.) 

• The ejector design can accommodate wide swings in ambient 
temperature (0 to 100 F) and relative humidity (0 to 100%), 


The ejector design ambient conditions are 70 F and 50 percent relative 
tmmldity. The calculated onset of water vapor condensation as a function of 
axial distance from the ejector exit is shown in Fig. 6 for both the first 
and sucond stage ejectors. No condensation la predicted for the third 
ejector stage. The condensation effects on the first stage ejector perform- 
ance are shown In Fig. 7. The blank off pressure will increase by 28 percent 
to 0.U15 psia which is still comfortably below the 0.02 psia requirement. 
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First Stage Ejector Performance as a Function of Ejector Total Pressure 










Diffuser Water Vapor Partial Pressure (torr) 
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1 ’ I r K t St age I'J o c t o r 
Sat 11 rat inn Line 


Unsaturated 

Flow 


I Ejector Driver Stream 
Moisture Line 


2nd Stage 


Snow 
, in Flow 


Supersaturation' 

Region 




1st Stage 




■ Critical 
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Wm Saturation 
P Ratio (-12) 

T - 220 K 




Second Stage Ejector 
Saturation Line 


kSnow in Flow 


0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 

Axial Coordinate, X (In.) 

Fig. 6 Water Vapor Condensation (70 P, 50* RH Ambient Air) 
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Fig. 7 Effects of Ambient Temperature and Relative Humidity on First 
Stage Ejector Due to Condensation 
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U l« of lou-roof fo oou. tioil Uio J-57 tulM.o,).a onRino i» oH-ooRy ocM- 
„UU wofor IOJ..OUOO ,.o«o of fl»' oo™,.ro..or tnlot -ualon. Rutofo loll 
Hoiilo 8|VIC0 oiiRliw liot flUos tcsts could nniko uso of this witor Iiijostlon 
nuichimliii. to cool tho spiice ongliio onhsuot produtto. This oould tsl ovo 
soiiio of tlio dlf Cosot cooling problems ond oimblo tho oleotots to opctoto 
moro oCtUlontly. At tho tokooff powot sotting, tho syotom 1. ospnblo ol 
Bpm wntor Injection roto. Tho uso oC ostst Injection ot other thiin t le 
take-off power setting would have to be explored. 

Tlie second stage ejector design summary Is presented In Fig. 8. The 
ejector throat area Is designed to be variable and can be completely closed 
off. The ejector urea ratio can be varied from 2.38 to infinity. The de- 
sign blank off suction pressure and pumping capabilities are shown in Fig. 8. 

Tlie third stage ejector design summary la presented in Fig. 9. Thu 
third stage ejector is designed to operate in all modes of operation. The 
sjector area ratio can be varied from 2.59 to 10. The third stage ejector 
is designed to operate by itself using all of the turbojet exhaust products. 

3.2 SUBSCALE JET ENGINE DRIVEN EJECTOR/DIFFUSER SAFETY ANALYSIS 

The results of this analysis were presented at the 60 percent design 
review meeting, H.e key results are presented here. The worst case hazard 
assessment is presented in Table 1. The main point to be made from Table 
18 that ignition is imp/obable within the ejector/diffuser tubes. The first 
stage ejector mixing and explosion hazard analysis results are presented in 
Fig. 10. The worst case detonation pressures are approximately 8 psla. The 
second stage ejector mixing and explosion hazard results are presented in 
Fig. 11. The worst case detonation preasure is 37 psia. It should be 
pointed out that operating temperatures are too low within the facility to 
cause a detonation. 11»e facility will be grounded to eliminate a lightning 
bolt source of energy. However, it is not anticipated that a test would be 

conducted on threatening weather days. 
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Fig. 9 Third Stage Ejector Design Suroraary 
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Tithlo l WOHRT CASE liAEARD ASSESSMENT 


Ki not l ew t Shock In Duel 


^Ignition 


d X 1U~^ KH[> SoUD/T. K 
Pi atm 


auc 


(NASA Tl' i.41)/, Aua 
Hubi>r ut al.) 


79, 


First Stagtii (Tg ~ 429 K; ■ 0.454; U^, ■ 1073 ft/sucj 

0 “ 0.821 psla) 

b I £ 



■'ignition, NS 
^Ignition, NS 

7b0 sec 
8.2 X 10^ ft 

No problem, by a wide 
margin of safely. 

Second Stage: 

Ci’s.2 " «2 

Pg ^2 “ 5-52 pala) 

■ 0.444, U 2 

“ 801 ft/scc; 


'^Ignition, NS 
^ignition, NS 

4.2 X 10 ^ sec 
33.5 ft 

Safe, with no Lgnl- 
tion in duct. 

Third Stage t 

(Tg,2 - 7U1 K; M2 

Pg 2 “ 1^*7 psla) 

■ 0,644; U 2 ' 

■ 1128 ft/sec 




■'ignition, NS 
^ignition, NS 

b.2 X 10 ^ sec 
7.0 ft 

Safe, with potential 
gentle ignition In 
open duct downstream 


Of ahock» 


• The Available Ignition Source (l.e., the Jet Engine Exhaust) Operatec 
at Temperatures Too Low to Ignite the H,, Fuel Within the Flow Facility. 
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Fig. 10 First Stage Mixing and Uorst Case Explosion Hazard Analysi 
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Second Stage Mixing and Worst Case Explosion Hazard Asaiysl 
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i FUI,L SCALE HAZARD CONTROL ANALYSIS 

Tho i;o be controlled 1 h a potential detonation of unburnod npaco 

onRlne hydrogen fuel wltliip the dlf fuser/ojector duct work. In the paat , 
tiilH luuard haa been uUmlnatod by uaing an Inert driver - ateam, With tlic 
propoaed uac of Jet engine effluent aa the driving medium a potential for 
expLoalon of mlxturca oxia(>;, aa tlie jot enginea are operated fv»ol-leun and 
conaequuntly have an appreciable oxygen content (suo Table 2), 


Table 2 J-57 TURBOJET ENGINE CHARACTERISTICS 


Crulae-Rated Air Flow Rate: 
Cruise-Rated Fuel Flow Rate: 
Engine Exhaust - 

Total Flow Rate: 
Total Temperature: 
Total Pressure: 
Composition - 
N2 

O2 

CO2 

H2O 

NO 

X 

CO 

CH,. 


157 lb-sec 
7,050 Ib-hr"^ 


-1 


(70 F, 50% RH) 


158.96 Ibm-sec 
1400 R 
33 psla 

77,03 vol.% 
16.70 vol.% 
2.51 vol.% 
3.74 vol.% 

87 ppm 
60 ppm 
84 ppm 


-1 


3.3.1 Worst Case Hazard Analysis 


To place the potential hazard in perspective consider Pig, 12 in which 
computed Chapman-Jouguet detonation pressure ratios are plotted as a func- 
tion of mixture »2 concentration for mixtures of space engine effluent 
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/iml .1-57 curbojPt driver offluent at 0.5 atm initial praasure*. As is 
pvldpnt from tlio flyuro tho worat case overpressures occur wlien 100 percent 
11^ Is exhausted from the test engine and are higher for cryogenic ll^ 
than for regenoratlvoly heated llj, at room temperature. For main stage 
space ongine operation at engine 0/F ratios of 4 or (> a cousldorublc de~ 
iireasu in tlio worst case detonation pressure ratio results. This is a di- 
rect conHcquonce of tliu higher initial mixture t iiuporaturu due to comhustloii 
In the space engine. Table i summarizes the maximum, i.e,, worst case, po- 
tential detonation pressure ratios for the various space engine effluents 
considered, using J-57 turbojet exhaust as the dlf fuser/ejeetor driver, Tiio 
corresponding worst case detonation pressures possible in each stage at 10 
percent and 100 percent thrust engine operation are also shown in Table 3. 
Those data are based on the calculated pressure distributions for the full 
scale facility shown In Figs, 13, 14, and 15. 

3.3.2 Hazard Control Analysis 

• Transient Operations 

As Is evident from Fig. 12 and Table 3, the maximum potential hazard 
exists during cold flow operations, which normally are tests of short dura- 
tion. The highest potential overpressure would occur in the third ejector 
stage and could approach an upper limit of 272 psla, with cryogenic 11^. 

(Room temperature represents somewhat less of a potential hazard, but 
would however be more readily Ignited.) A nearly 100 percent engine 
flow can also be encountered during engine startup and shutoff transients, 
as discussed in more detail in Section 3.3.3. 


These computations were performed using the NASA-Lewls CEC code (Ref. 2) 
The detonation pressure ratios were found to be largely insensitive to 
ttid^ pressure over the range of Interest (I.e., subatraospherlc) to this 
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TahlP 3 MAXIMUM CHAHMAN-JOlTtURT DETONATION PRESSURES 

(I’u B Dotonatlon Prertsuit'; lali lal ‘J'otal Prcatuirc 

Driver; J-57 Jet Engine Exhaust 


Space Engine Condition 

(P^/ P'i’,2) 
mux 

Worst Case Detonation Pressure (psia) 

Thrust 

(%) 

1st 

Stage 

2nd 

Stage 

Trd 

Stage 

Cold Flow of Cryogenic H 2 

8.5 

10 

39 

1()5 

272 



100 

(Shut Off) 

124 

253 

Cold Flow of Room Tempera- 

6.7 

10 

31 

130 

214 

ture H 2 


100 

(Shut Off) 

98 

200 

Main Stage, Engine O/F * 4 

2.3 

10 

11 

45 

74 



100 

(Shut Off) 

34 

69 

Main Stage, Engine O/F - 6 

1.5 

10 

7 

29 

48 



100 

{Khut Off) 

22 

45 


To control the startup/shutoff transient hazard, and also to allow 
short duration cold flow engine acceleration tests without oxidizer, 

Lockheed proposes the use of tank farm nitrogen as driver for the first and 
second dlffuser/ejector stages during start/stop transients, and also during 
short duration cold flow tests without oxidizer flow. Sufficient GN 2 is 
to be used to dilute the peak H 2 flow in the overall mixture leaving the 
2nd stage to below the lean detonation limit (see Table 4), l.e,, to about 
19 vol.% or less. 


Table 4 FLAMMABILITY AND DETONATION LIMITS (Ref. 6) 



Hydrogen- Air 

H 2 -J 57 Jet Engine Effluent* 

Flammability Limits (vol.%) 
Detonation Limits (vol.%) 

4.0 < F < 75 
18,3 < D <60 

4.2 < F < 66 
19 < D < 55 


* , 

Estimated, based on effects of dilution of air with N«, CO^, and H..0 us re 
ported in Ref. 6. Ill 
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Fig. 14 Full Scale RLIO-IIB 10 Percent Thrust Diffuser/Ejector 
Pressure Distribution 
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• Main Stage Operation 

Rong duration teata - 30 ininutea or more - are required lor the englnea 
in main atage operation, at both low and high thruat levels. Tests oi auch 
length preclude use of GN^ aa driver, even In the first and second stages 
of the dlf£user/e jecCor. Therefore at main stage the J-57 jet engines' ex- 
hausts will be used us driver in all of the stages, and the hazard control 
will be to ensure that the space engine excess fuel is combusted continu- 
ously in each of the stages as rapidly as it mixes with the driving medium. 
Three conditions that roust be met simultaneously to achieve this are: 


1. Mixture compositions must lie within the flammability limits 

summarized in Table 4. This la a restriction which is only 
operative on the fuel-rich side of engine operation in the pre- 
sent analysis. If mixtures are already too lean to burn, they 
are also too lean to detonate and are no longer a potential 
hazard. On the rich side of the flammability limits, mixtures 
exhausting from the space engines with greater than 66 to 75 
percent H 2 (Table 4) - corresponding to engine O/F ratios of 
2,5 to 2.0 or less - might require further dilution by the 
driving medium prior to the recommencing of combustion. If 
other conditions are correct it would seem probable that burn- 
ing would resume in such mixtures prior to their being diluted 
sufficiently to enter into the detonable range - 55 to 60 per- 

cent H 2 . To be prudent, however, engine mixtures entering 

the diffuser with an O/F ratio less than 2 . 0 should be regarded 
as potentially hazardous (see also below). 

2. Static pressure must everywhere be higher than the lower igni- 
tion limit pressure to assure the continuity of the combustion 
process. Spark igniter ignition limits for H2’*C0X mixtures 

at room temperature obtained by Pratt & Whitney (Ref. 7) in a 
relatively small chamber (4 in. diameter, 15 in. long) are 
shown in Fig. 16, which indicates a lower limit pressure of 0.2 
psia for these conditions. Also shown is the lowest static 
pressure (from Figs. 13, 14, and 15) in the proposed full scale 
diffuser facility, l.e., 0.7 psia. The latter pressure is the 
lowest encountered, in the first stage, at low space engine 
thrust levels. It is, however, sufficiently high that combus- 
tion of hot main stage exhaust proceeds as the gases mix even 
at the lowest pressure encountered. 
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Fig. 16 H -GOX Static Ignition Limits (Spark Igniter 4 in. Diameter 
X 15 in. Long Chamber, PUA FR-303, Nov 61, Ref. 7) 
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U irt in tlilH rtigard U) notn that tlit-* lowtfr pressure 

limit obeys an Inverse response to Increases in temperature 
(exponential response), vessel slse and Ignition source 
strength (see, e,g,. Refs, 8 and 9), At main stage engine 
operation all of these factors are operative in a direction to 
assure continuous combustion. 

3, Btatlc temperature must be sufficiently high everywhere that 
kinetics are rapid with respect to mixing. In Fig. 17, 
hydrogen-air autolgnltlon delay times from Ref. 10 are shown as 
a function of static temperature. These delay times - inver- 
sely proportional to pressure - are a measure of the rapidity 
of hydrogen combustion. 


Ab indicated, at static temperatures above 1300 K the product of pres- 
Hure and ignition delay is approximately 10“® atm-sec or less. Thus even 
at the 0,7 pais lowest static pressure (first stage, 10 percent thrust) 
delay times will be shorter than 2 x 10“^ sec for T > 1300 K - corre- 
sponding to engine O/F ratios greater than 2.0 accelerated to Mach numbers 
which are restricted by design to 2.0 or less within the dlf fuaer/e jector 
facility. Noting that gas residence times in the first, second, and third 
stages are approximately 5, 10, and 30 msec, respectively, this ensures that 
the gases burn as rapidly as they mix, under all conditions, for engine O/F 
ratios of 2.0 or greater, 

3.3.3 AECE-R and RLIO-IIB Space Engine Transient Characteristics 

Operating parameters of five candidate space engines for the orbital 
transfer vehicle are shown in Table 5 from Ref. 1. Of these advanced en- 
gines, two - the AECE-R and the RLIO-IIB - were selected for analysis of 
potential transient operational test hazards in the proposed diffuser 
facility , 

ARCE-R engine startup transient and main stage characteristics were 
derived from ASE data presented in Ref, 11} shutoff data came from Ref. 12. 
Similar data for the RLIO-IIB engine were derived from RL10A-3-3A data 
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Fig. 17 H.-LOX Engine Exhaust Autoignition Characteristics 
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Table 5 FIVE CANDIDATE SPACE ENGINES FOR THE OTV (REP. 1 ) 


Paramuter 

Units 

\ECB-A 

AECE-P 

AECE'R 

ASE 

"1 

RLIO-IIB 



Til rust, Full 

lb 

15000 

15000 

15000 

20000 

15000 

Tliruat, Low 

lb 

2000 

1500 

LEOO 

1B50 

1500 

Maximum Test Duration @ MR 6.0 







Full Thrust 

sec 

1200 

1200 

1200 

1200 

1200 

Low Thrust 

sec 

2500 

2500 

2500 

2500 

2500 

Glmbal Capability 

- 

None 

None 

None 

None 

None 

Propellants 


LOX/LH 2 

LOX/LH 2 

LOX/LH 2 

LOX/LHj 

LOX/LH^ 

Mixture Ratio. Full Thrust 

- 

6.0 

6.0 

6.0 

6.0 

6.0 

Low Thrust 

- 

6.0 

6.0 

4.0 

2.0 

6.0 

Nozzle Area Ratio 

- 

473 

642 

625 

400 

205 

Engine Envelope: 







Outside Diameter ($ Noz. Exit 

In. 

62.7 

66.1 

63.25 

58.08 

73.0 

Inside Diameter @ Noz. Exit 

In. 

60.7 

64.1 

61.25 

56.08 

71.0 

Length, Gimbal Pad to Noz. Exit 

In, 

120 

114 

117 

100 

110 

Length, Glmbal Pad to Inlet Flang 

e 






LOX 

In. 

12 

12 

12 

27.1 

10 

LH 2 

In. 

15 

15 

15 

36.87 

10 

Engine Weight 

lb 






Chamber Press ire, Full Thrust 

psla 

1200 

1505 

1539 

2028 

400 

Chamber Pressure, Low Thrust 

psla 

160 

150 

19S 

187 

40 

Noz. Exit Wall Press., Full Thrust 

psla 

0.196 

0.163 

0.172 

0.406 

0.19 

Nbz. Exit Wall Press., Low Thrust 

psla 

0.026 

0.016 

0.022 

0.037 

0.019 

Total Flow Kate, Full Thrust 

Ib/sei 

i 31.4 

31.2 

31.2 

43.01 

32.6 

Total Flow Rate, Low Thrust 

lb/se< 

: 4.2 

3.2 

3.7 

4.06 

3.26 

H 2 Flow Rate, Low Thrust 

Ib/sei 

: 0.600 

0.457 

0.74 

1.35 

0.466 

H 2 Flow Rate, Full Thrust 

Ib/sei 

: 4.49 

4.46 

4.46 

6.00 

4,66 
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pri:»Hf'n(:pd in Ref, 13, startup transient, main stage operation, and shutoff 
frimaient- hehavlor of the o/K ratio for the AliCK-R engine at 10 pereent and 
full thrust are shown in Fig, 18, along with the temporal response of the 
fuel flow rate at full thrust. Transient, startup and main stage opera- 
tional data for the RL10-A-3-3A are shown In Fig. 19} detailed shutdown 
transient data were unavailable for the RLIO engine, other than the manu- 
facturer's specification that on sliutdown fuel Is vented overboard, wltti a 
maKtmum of 0.25 lb total throughput of II 2 flowing through the engine 
nozzle. 

The cross-hatched areas on Figs. 18 and 19 correspond to times during 
which the engine 0/F ratio drops below 2.0, i.e., times during which a 
potential hazard exists with J-57 turbojet engine exhaust as the diffuser/ 
ejector facility driving medium (as discussed previously In Section 3.3.2). 
Figure 20 emphasizes the potential startup and shutdown transient hazards 
which could occur if the J-57 turbojet engine exhaust were used as the 
driver during the transientss concentrations in the flow leaving the 
second stage would be well above the lower detonation limit, with or without 
reaction in the diffuser; additionally, static temperatures at Mach 2 would 
be too low during portions of the startup and shutdown to ensure reaction as 
the gases mix - resulting In potential detonatable mixtures which could be 
set off by complex shock structures, hot spots or accidental means such as 
an electrical discharge. For this, and the previously reviewed reasons, 
operation during startup and shutdown transients will use Inert, gaseous 
nitrogen as the driving medium. 

3,3,4 Space Engine Transient Hazard Assessment and Control 

Combining the hazard control analysis (Section 3,3) with the transient; 
characteristics of the space engines considered (Section ?.3,3) results in 
the transient hazard assessment synopslzed in Table 6. lor both^'englnes a 
potential hazard Is identified during startup and shutdown transients. The 
proposed control to eliminate these hazards is to use a purge GN 2 flow as 
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Fig. 20 AECE-R Engine Second Stage Diffuser Transient Characteristics 
with J-57 Jet Engine Exhaust as Driver (26 lb/ sec) 
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the Inert gas driver in the first and second stages during transients, as 
required. No hazard exists during main stage engine operation. 

Table 6 SYNOPSIS OF ENGINE TRANSIENT HAZARD ASSESSMENT 

(DIFFUSER URIVKK! J57 JET ENGINE EXHAUST) I 


(Based on ASE Engine Data) 

- Pot. I, Hal llasarJ. 0/F <2.0 IVoiii 0 to 2.4 sec Al ter .Start Sinna 


Main Staec 


No Hazard, 0/F - 6.0, High Thrust; O/F « 4.0, Low 
Thrus t 


Shutdown - Potential Hazard; O/F < 2.0 at Shutoff Slgtal + 
ISO msec 


RLIQ-IIB Engine (Based on RL10A-3-3A Engine Data) 


Startup - Potential Hazard; O/F < 2.0 from 0.20 to 1.58 sec 
after Start Signal 

Miiin Stage - No Hazard; O/F - 6.0 for Low and High Thruat 
Operation 

Stmtd^wn - Potential Hazard; quantitative Transient Data 
Inputs are Required. 

Pratt & Whitney Inputs on RLIO Shutdown: 

1. If a graphite nojzlo is used, oxiilizer-iich 
shutdown must he avoided to protect hot engine 
and red liot tun.zlg. 

2. Somewhat in conflict with 1, |U is noniialiy 
dumped overboard on shutdown, with a maximun 
total of 1/4 Ih Hj flowed through the 
nozzle on shutdown. 

Ihoposed Control to Eliminate Potential Start/Stop Hazards; 

Use a I’uige CTi, Flow as the Inert Gas Driver in 1st and 2nd Stages During 

Ir.insients, as Hequired 


Temporal response of the diluted, inerted flow leaving the second stage 
diffuser during 100 percent thrust AECE-R engine run transients with 15U 
th/scc of GN 2 as the driving medium is shown In Fig. 21. As Is evident, 
the hydrogen content of the exit stream is diluted well below the lower 
detonation limit for .ill times at which the mixture static temperature is 
significantly above room temperature. (A slightly higher flow of GN 2-170 
Ib/sec-would ensure an overall H 2 concentration entering the third stage 
below the detonation limit even during the engine shutoff Interval after 190 
msec, after which time the oxidizer flow rate is negligible.) 
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Main Btafie operation of both engines at low and full thrust is sum- 
m.irJued for each stage tn Tables 7 and «, respectively, for both J-57 Jot 
englno exhaust and GN 2 driving mediums. In all cases, with the stages 
being driven by the Jet engine's exhaust, excess H 2 is progressively 
burned at high temperature and the flow ultimately leaves the facility with 
negligible residual hydrogen. With GN 2 driving the stages: (1) at low 

thrust, H 2 is diluted in the first two stages to a safe 2.8 or 8.5 percent 
in the two engines, with a second stage exhaust total temperature of only 
955 or 958 K; in the third stage the mixture is further diluted, resulting 
in a near zero exhaust H 2 concentration of only 0.3 or 0.9 percent from 
the facility, assuming no further combustion, or to zero if combustion is 
completed in the third stage; ( 2 ) at full thrust, H 2 is diluted in the 
second stage to a safe 7.4 or 7.1 percent, but at a high total temperature 
of 1855 or 1806 K; in the third stage combustion continues at high tempera- 
ture with a resultant negligible H 2 content in the facility effluent. 

Thus for the vast majority of teat operation virtually no H 2 is discharged 
from the facility, and there is no requirement for an external torch to burn 
residual 82 * 


As discussed previously, start/stop transients are to be controlled by 
UN 2 flow to the first two stages such that the peak H 2 concentration in 
the flow entering the third stage is maintained below the lower detonation 
limit. At low thrust, with 50 Ib/sec GN 2 driving the first two stages, 
the full main stage cold flow of H 2 can be controlled, as also is shown in 
Table 7. At high thrust, with 150 Ib/sec GN 2 driving the first two 
stages, about 60 percent of the full main stage cold flow of H 2 can be 
controlled. Thus in the event of a stuck oxidizer valve on startup, provi- 
sion of an automatic engine shutdown prior to reaching 60 percent of the 
full rated H 2 flow is required. Alternatively the full thrust transient 
GN 2 driver flow can be uprated to 250 Ib/sec, if a full rated H 2 cold 
flow requirement is needed for engine acceleration or other tests. 
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Table 7 LOW THRUST OPERATION 


Engine Driver 

Status (Stages 1 & 2} 


RLIO-IIB Engine 
Exhaus c 


Vol.% H, 


AECE-R Engine 
Exhaust 


Vol.% H 2 


Main Stage 
Burn 


J-57s 


Engine 2958 




H2 Is burned virtually to completion In first and second 
stages. 


■- « 

Engine 2958 

29.5 

2756 

48.6 

1 2461 

15.4 

2304 

33.1 

2 958 

2.8 

955 

8.5 

3 799- 

0.3- 

799- 

0.9- 

825 

Nil 

878 

Nil 


Main Stage GN 2 

Burn (50 Ib/sec) 


• Flow enters third stage with H 2 well below detonation limit. 


Start/Stop GN 2 Worst Cases; RLIO-IXB Engine: Full Fuel Flow, 

Transients (50 Ib/sec) 0.466 lb H 2 /sec 

AECE-R Engine; Full Fuel Flow, 
0.74 lb H2/sec 

Engine 300 99.8 300 99.8 

1 300 56.5 300 67.3 

2 300 11.5 300 17.1 

• H 2 flow la diluted with GN 2 to below the detonation limit 
in stages 1 and 2. The full maximum rated cold H 2 flow at 
low thrust can be controlled. 
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Table 8 100 PERCENT THRUST OPERATION 

RLIO-IIb Engine AECE-R Engine 


Engine 

Status 

Driver 

(Stages 142) 

^ 

Stage 

bAll 

K 

auB t 

Vol.X 

Ext 

T^. K 

must 
Vol.SS H 2 

Minimum 

*^static 

(psia) 

Main Stage 

J-57s 

Not Driven 

Engine 

1 

2 

3 

2958 

2958 

2872 

1545 

29.5 

29.5 

16.3 

Nil 

2958 

2958 

2869 

1519 

29.5 

29.5 

15,8 

Nil 

6.5 

14.0 


Main Stage 
Burn 


Stop/Start 

Transients 


* 8tages!“’^"®'^ rapidly as it mixes in second and third 

gn 2 ~ r — 

(50 Ib/sec) Engine 2958 29.5 2958 29 5 

Not Driven 1 29 Sfl 50 ^ loeo 


Engine 

2958 29.5 2958 29.5 

1 

2958 29.5 2958 29.5 

2 

1855 7.4 1806 7.1 

3 

1324 Nil 1300 Nil 


-I r wicn un 2 to well below detonation limit 

ln^.econd .tag. and burn, a. rapidly aa It mlaaa iS tM^d 

GN2 

(150 Ib/sec) 

* cooled with GN 2 to below the deto- 

nation limit In second stage. Up to 60 percent of the full 
maximum rated cold H 2 flow can be controlled 
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4. SUBSCALE DIFFUSER MECHANICAL/STRUCTURAL DESIGN 

The Bubscale ejector/dlf fuser syston described in Section 3 of this 
report baa been designed. The design details are discussed In this section. 

4.1 GENERAL DESCRIPTION 


The facility shown in LMSC Drawing R82734 is designed to flow non- 
combusted gas through a 650sl area nozzle Into a three stage ejector/ 
diffuser system. The facility will consist of a H 2 chamber, throat, 650s 1 
area ratio nozzle, altitude cell, H 2 diffuser tube, and the three stage 
ejector/dlffuser system. The altitude cell Is designed to be pumped by the 
nozzle flow to maintain the required cell pressure during the H 2 flow 
tests. The ejector expansion area ratio is designed to be adjustable by 
varying the ejector throat area while maintaining a constant exit area. 

This Is accomplished by translating the outer ejector throat and nozzle sur- 
face relative to the fixed inner ejector surface. The outer movable ejector 
surface Is allowed to translate fore and aft being held In position radially 
by either a three or four pipa support systen. By necessity, the third 
stage ejector has a four pipe support system while the first and second 
stage ejectors have a three pipe support system. The details of the three 
pipe support system are shown on LMSC Drawings R82737 and R82738. The 
ejector outer surface la translated using four equally spaced electrical 
actuators. 

The actuators are capable of handling 5000 Ibf each and have a 3 in. 
stroke for the first and second stage ejectors and a 6 In. stroke for the 
third stage ejector. Hie actuator details are not available at this time, 
although several suppliers are available. The first and second stage 
ejector throat areas are designed to be completely closed off and Inerted 
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with UN,, The diffusers for fho first ond HPomul staRr ojoctors are ttu’ 
pfi IpUnu "second throat type" diffuser design. The third stage ejector is 
designed to be "started" and run by itself utilising all of the turbojet ex- 
hmist, This ejector is designed to keep the pumped flow subsonic for better 
pressure recovery. Start-up should not he a problem since the ejector flow 
will he exhausting Into a duct at an Initial pressure of approximately 14,7 
psia, thereby effectively limiting the ejector area expansion ratio, A few 
mini- seconds later, after the ejector has evacuated the upstream duct 
system the cell pressure will drop to 1,0 psia, and the ejector will operate 
at an area expansion ratio of 3.1; 1.0. 

The facility will be mounted on the existing rail and support system 
located at MSFC's Cold Flow Calibration Facility adjacent to the Hot Gas 
Fac.iilty, Ilullding 43'>4. The site plan Is shown In LMSC Drawing R82733. 

The plan and elevation view is shown in LMSC Drawing R82732, The ejector 
inlet piping from the J-57 turbojet engine is shown in planform view In LMSC 
Drawing R82736, The J-57 piping details other than those shown in R82736 
were beyond the scope of this contract as mentioned previously In Section 
2. The facility will not require cooling water. 

The facility also consists of: (1) a J-57 turbojet engine and Its fuel 

tank and controls; (2) the gaseous hydrogen system (piping and components) 
and high pressure GN2 supply lines; (3) overhead hoist system for 
materials handling; (4) hydrogen leak detectors; (5) remote control Firex 
system; (6) TV camera surveillance system and conmunlcat ion system; (7) 
remote control systems from Building 4554; and (8) an instrumentation 
systimi with remote readout in Building 4588. 

4.2 GOVFRNMENT-FURNISHEt) EQUIPMENT LIST 

It was beyond the scope of this contract to develop a detailed GFE 
list. The following list of GFE equipment required to support this facility 
Is preliminary: 
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1. Oik* worklnfi .1-57 turbojet enfilno eomplate with fuel tank, 
Htnrter iiyutem, Inatrumeutnt Ion, and controln 

2, One ,1"57 turbojet engine Rupport structure 

3. ApproxlnuiteJy 100 ft of 5 In. fiN 2 supply line to tl'.e present 
site from the northeast side of Uulldlng and shutoff 
valve with downstream holt flange connection to flow 73 Ib/sec 

4, OaseouM hydrogen trailer and control system with 1 In. pipe 
type AN flared fitting for attachment to the facility to flow 
O.*) .Ih/sec 

•). A low pressure (150 pslg) ON? purge line system to flow 2 
1 H/sec 

< 1 . I’ni’lllty Instrumentation systom with remote readout In Build- 
Ing 4588 

7. Overhead hoist or ground support equipment for materials hand- 
ling 

8. Hydrogen leak detector system 

9. Remote controlled Flrex systan 

10. TV camera surveillance system and communication system, and 

11, Computer system for remote control and data reduction and 
plott Ing. 

4.3 MATKRIALS ANO COMPONENTS SELECTION 


The subscale ejector/diffuser facility will be constructed of 304L 
stainless steel except as noted, The turbojet exhaust ducting will be con- 
structed of 321 stainless steel of 0,060 in. thickness except for the 
flanged connections which will be thicker. All flange gaskets will be Sepco 
Grafoll crinkle gasket tape style SG6360. The 1/4 in. by 1/4 In. ejector 
sliding seals will be fabricated from Sepco Grafoll sheet style SG36 of 
0.015 In. thickness. A local supplier of the Sepco products la TENN-VAI., 
tiu-., of Decatur, Ala bams . The full ported check valve Is AGCO model CV‘ 2 
supplied by the Blythe Company, Indian Trail, N.C. The Dlgicell valves are 
supplied by Horton Instrument Company, Birmingham, Alabama, The EMCV valve, 
the electromechanical actuator, and thermal expansion Joints will be custom 
made for this facility. 

The thermal expansion Joints shown In LMSC Drawing R82736 can be 
supplied by U.S. Bellows, Santee, California. The electromechanical control 
valve (EMCV) and the electromechanical actuator specifications and possible 
suppliers are listed below. 
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Kloctrony plmnlcai CojUrol Valve (RMCV) SpeclflcacionB 


Oppolnfi Time 100 msec 

Act iw tor I 

Solenoid with pressurized GN 2 over hydraulic 

n rrik au nKnJI^WI^k J nn 


GN 2 pressure available: 
Hydraulic pressure available: 
Hydraulic flow available: 
Valve Type: Butterfly 

Operating Knvlronment 
Tempo rut lire: 

Pressure 


4000 palg 
2500 palg 
35 8pm 


940 V 
IH pslg 


Supplier: The Blythe Company, Indian Trail, N.C. 

gleet romechantcal Actuator Specifications 

Maximum Operating Force 5000 Ibf 

Operating Voltage 28 Vdc 

Stroke Speed 3 in. /min. 

Stroke 

First and Second Stage Ejector 3 in. 

Third Stage Ejector 6 In. 

Dime ns ions : 

Closed Length 10 in. 

Outside Diameter 6 in.' 

Environment: 

Ambient plus capability of being Inerted using GNt purge to 
eliminate all explosion hazards 
Potential Suppliers: Inland Motor, Radford, Va. 

Plessey Dynamics, Hillside, N.J. 

Clifton Precision, Clifton Heights, Pa. 


4.4 DRAWINGS 

A detailed list of all the drawings which were developed for this fa- 
cility under this contract Is listed in Appendix C. Copies of the drawing 
set will be released at the discretion of Mr. K.E. Riggs, EP23, MSFC Con- 
tracting Officer's Representative. 

4.5 STRESS ANALYSIS 


The detailed stress analysis of each facility drawing Is contained in 
Appendix B. The factors of safety which were used are 1.6 on yield strength 
and 4.0 on ultimate strength. A safety margin sunitiary is contained In 
Appendix B and shows that each part has an adequate margin of safety. 
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5 . PUNS 

tliKk'r lIiIk I'oiit.nicL, a PrfUml luiry TotiL Plan, ua Instruinuntullon Plan, 
aiul a Syatt'm OperaLln}’ Procoduro Plan wcro developod , Tlu> preliminary tewi 
plan wan publlsliucl under separate cover us Rei, 14. 'file InstrumuntuLlon and 
Operational Procedures Plans are described in this section. 

5.1 INSTRUMENTATION PLAN 

The aubscale ojector/di f fuser facility is shown in Fig. 1. The first 
stage ejector will operate at the highest duct-to-e jector-throat-area 
ratios, the second stage ejector will operate at medium ejector area ratios 
and the third stage ejector will operate at the lowest ejector area ratio. 
The range of ejector area ratios will be between 3 and 300 considering the 
full scale design. Tlie purpose of the subscale tost is to obtain an experi- 
mental data base In a subscale facility which when combined with tlie ana- 
lytical models, will yield att empirical data base to define completely tlie 
operational data base for high volume, low pressure ejector systems suc.li 
that a full scale design can be accomplished. The subscale data will define 
the ejector blank-off capability and pumping capability as a function of 
c jector-to-secondary mass-flow ratio, ejector driving pressure, and ejector 
area ratio. Data wiii bo obtained from all three ejector stages and will 
span the ejector area ratio range from 4 to 300, ejector driving pressure 
range from 4 to 40 psia, and ejector muss flow ratios from 3 to infinity. 

Tlte variables which will be measured will be cell pressure, ejector exit and 
duct pressures, exit static and total pressure, the ejector driving total 
pressure, the driven mass flow rate (secondary), the ejector mass flow rate, 
and tlie ejector throat area. The ejector throat area will be calibrated us 
a function of ejector axial position. The preliminary test matrix configu- 
rations and the test matrix were developed In the test plan (Ref. 14), 
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Tlie foUowlna Is a preliminary Hat of the Inatrumentatlon retjuireJ to 
I'omluct (he tpat, 

1. .1-57 turbojet onglne Inatrumentatlon ua called out in Rof, 15. 

2. Plow moasurlna devices 

a. J-57 air flow data taken by means of a smooth approach Inlet 
mounted on the engine fitted with static and total pressure 
rakes as defined in ASHAE Pan Test code. 

b. J-57 fuel flowmeter 

c. One 0.5 in. diameter sharp edge orifice to measure the alti- 
tude cell GN 2 purge 

d. One 1 in. diameter venturi meter to measure the GH 2 flow 

e. One 3 in. diameter Olglcell flow and pressure control valve 
to measure the first stage ejector mass flow 

f. One 24 In. diameter venturi meter to measure the second 
stage ejector J-57 mass flow 

g. One 5 in. diameter Olglcell flow and pressure control valve 
to measure the second stage ejector GN 2 flow rate 

3. 150 pressure transducers to record pressures throughout the 

facility 

4. Fifty temperature measurement locations throughout the facility 

5. Olglcell control computer. 

Locations of all Instrumentatlon/raeasureraents will be specified during 
the next phase of the facility development. Drawing No. R82716-1, "Nozzle 
Plecc» First Stage," shows typical instrumentation port (pressure) and 
thermocouple attachment details. 

5.2 OPERATIONAL PLAN 


The operational procedure plan will be developed more completely as the 
facility construction progresses. The preliminary operational plan follows 
assuming a diffuser/ejector test using gaseous H 2 . 
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1. Photoaraph the faelUty. 

2t Verify that the J"S7 fuel tank level Is ade({uate« 

3, Verify that the GN 2 pressure la satlafactery. 

4. Verify that the OHg trailer presauro la satisfactory. 

5, Connect Instrumentation. 

6. Verify that the test instrumentation has been Installed per 
instructions of Teat Request Sheet and the Run Time and Test 
Conditions annotated on the TCP. 


7 , Schedul 

e the ejector/dlf fuser test. 

a, ( 

) GN 2 as needed 

b. ( 

) GII 2 as needed 

c. ( 

> Photography 

d. ( 

) Closed Circuit TV 

e. ( 

) Instrumentation 

f- (. 

) Control. 


5.2.2 Test Day 

1. Verify that the instrumentation and controls are ready for the 
X-1 hour announcement. 

2. Make the X-1 houi announcement. 

3. Verify that all ground support equipment is parked and 
that power is OFF. 

4. Check out test stand fot proper electrical power. 

5. Activate GN 2 system per procedure. 

6. Set the following pressure regulators to the proper pressures. 

a. GK 2 

b. GH 2 

c. GH 2 lino purge. 
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Set the ejectop throat areas tn accordance with test request 
sheet , 

Activate liydrmtllc system per procedure« 

Cycle all valves to verify satisfactory operation. 

Check tliat all J-57 engine controls are operating satisfactorily, 
Verify that cutoff checks uro satisfactory. 

Verify that sequence test has been conducted pur procedure. 

Verify that TV monitors are functioning properly. 

Verify that video recordings for TV are ready. 

Activate the J-57 starter air system. 

Activate the Flrex system. 

Verify that GU 2 leak detectors are active. 

Verify that data system and controls are ready for X-30 minutes. 
Give X-30 minute warning announcement. 

Activate the GH 2 system per procedure. 

Set up road blocks at test stand. 

Make X-15 minutes announcement. (Close HGF area to all 
personnel. ) 

Verify duration timer set at (TBD) second and power switch ON, 
Intercom tape ON. 

Open the GH 2 main shutoff. 

Prepare the GN 2 system for test. 

Prepare the J-57 control system for test per procedure. 

Make the X-10 minutes warning announcement. 
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30, Prepare the UH 2 ayatom for teat, 

31, Turn data ayatom ON - SLOW 

32, Turn video recording ON 

33, Adjuat the ejector GN 2 flow controller 

34, Adjust the GII 2 flow controller, 

35, M<ike X-5 minute warning announcement, 

36, Verify tliat the following systema are ready: 

a. Control 

b. Data system 

c. Cameraitian 

d. Analog recorder, and 

e. Test stand. 

37, Cutoffs ready - ON 

38, Sound X-20 second siren. 

39, Set J-57 data systems on FA.5T 

40, Give firing command, 

41, Start J~57 engine per procedure, 

42, Verify J-57 operation at IDLE power setting. 

43 , Allow .T-57 warmup time. 

44, Advance J-57 throttle position to TEST SET position; check J-57 
operation per procedure. 

45, Verify ejector system operation according to test request. 

46, Conduct test per test request. 

47, Cutoff 


a, GN 2 purges “ ON 

b. Cameras - OFF 

48, Deactivate the GII 2 system, 

49, Deactivate the GN 2 system. 
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50, Clonr tlu* tisst Htand for duHlf^natod crow, 

51, Turn liU tTcoiti - Ol-'F, 

52, Turn data aystom - OFF, 

53, Turn video recordina - OFF, 

5.2.3 On Stand Post-Test 

1. Perform appropriate post-tost check outs of Instrumentation and J-57 
engine . 

2. Deactivate Flrex system. 

3. Deactivate hydraulics. 

4. Reset pressure regulators to 0 pslg. 

5. Remove road blocks. 

6. Make ALL CLEAR announcement. 

7. Shut off electrical power to test stand. 

5.3 SAFETY PLAN 


5.3.1 Grounding Re'iulrements 

Grounding requlrt..’ents for this facility are as specified In the 
"Safety Manual," AMCR-385-100, 21 April 1970, by Headquarters, U,S. Army 
Materiel Command, Washington, D.C. 20315, specifically under Section 8, 
page 8-20, "Tanks and Towers." 

5.3.2 Purge Requirements 

Since this facility uses hydrogen, the purging requirements for 
electrical equipment and wiring will be as specified In KSC STD-E-002, 
Revision A, "Hazard Proofing of Electrical Equipment." 
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Appendix A 

FULL SCALE GASDYNAMIC 
SAFETY ANALYSIS 
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HAZARD ANALYSIS: WORST CASE 
CHAPMAN-JOUGUET DETONATION PRESSURE RATIO 
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H2 -gox static ignition limits 

(Spark igniteTp 4 in. diameter x 15 in. long chamber, PWA FR— 303, Nov 61) 
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Jly flow is diluted with GN 2 to below detonation 
limit in stages 1 and 2 even with the full maxii 
rated flow of unbumed H2 at low thrust. 
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RL10-I1B OR AECE-R ENGINE 
STARTUP AND SHUTDOWN OPERATION 

FULL SCALE 100% THRUST JET ENGINE DRIVEN EJECTOR/DIFFUSER SYSTEM 



J57 Turbojet Engines 
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